Abstract. The paper presents different solutions applicable in power converter systems for connecting power grids with energy storage systems such as superconducting magnetic energy storage (SMES), supercapacitor energy storage (SES) or chemical batteries. Those systems are characterized by bidirectional current flow between energy storage and power grid. Two-level converters (AC-DC and DC-AC converters) dedicated for low power energy storage compatible with 3£400 V-type power grids are proposed. High power systems are connected with 3£6 kV-type power grids via transformers that adjust voltage to the particular energy storage or directly, based on multilevel power converters (AC-DC and DC-AC) or dual active bridge (DAB) systems. Solutions ensuring power grid compatibility with several energy storage systems of the same electrical parameters as well as of different voltage-current characteristics are also proposed. Selected simulation results illustrating operation of two system topologies of 200 kW power for two-level converter and neutral point clamped (NPC) three-level converter are presented.
bility of limiting the temporary increases in power drawn from the grid during start-up of high-power equipment and operation under overload. Note that the hybrid group of energy storage systems with different current-time characteristics, described in this paper, can assure simultaneous compensation of the peak power and long overload state.
The peak power is an essential parameter of the electricity tariff in industrial plants. The systems coupling power grid with energy storage can be divided into two groups:
• voltage systems referred to the energy storages as supercapacitors (SES) and battery trays [17, [20] [21] [22] [23] [24] [25] [26] [27] ], • current systems for SMES energy storage type [28] [29] [30] [31] [32] [33] [34] , In those solutions an active rectifier is connected to the grid [28] , which results from the requirement of bi-directional energy flow of an energy storage, operating directly with bi-directional DC-DC converter [14] . This solution provides both powering and returning energy to the grid with unity power factor. The paper discusses selected topologies of converter systems connecting the energy storage and power grid with different rating parameters using transformers and transformer-less solutions.
Converter topologies for interfacing energy
storages with grid 2.1. Topology 1. The basic scheme of the arrangement is shown in Fig. 1 , where superconducting choke is used as the energy storage element -SMES. The system consists of an AC-DC converter connected to the power grid and the bi-directional DC-DC converter in the form of the pulse current regulator [13] . It is also possible to use battery storage or supercapacitors cooperating with the DC-DC pulse voltage regulator. Electrical parameters of the converter such as current, voltage and power characteristics are determined by parameters of the energy storage [15] .
Recently, due to the fast development of renewable energy sources (RES), smart grids and ultra-fast charging stations (UFCS), the interest in installing different types of energy storages has considerably grown [1] [2] [3] . Selected storage technologies, their descriptions and specifications are presented in [4] [5] [6] [7] [8] .
Power electronic systems are designed to operate with different energy storage systems, such as super-magnetic energy storage (SMES), batteries (accumulators) or supercapacitors (SES). Basically, the power electronic grid interface should have the following features [9, 11, 13, 15] :
• bi-directional energy flow in both parts of the AC and DC converter sides, • the possibility of adjusting the parameters of the electricity supplied or taken from the energy storage. This paper presents a review of selected power converter topologies which can be used as a coupling between the power grid and energy storage [9] . The systems discussed in this paper are mainly designed to maintain power supply of industrial installations in case of power supply failure for at least the time period required for the controlled shutdown or end of the process -at least for a minute or even longer [3] . This is important in cases when the sudden interruption in the process makes it necessary to revise the troublesome installation, for example the output of plastic products, powered electrical furnaces for melting metals, rolling mills, electrochemical processes, etc. Such systems may also be utilized for storing energy at a time when the cost is low (night-time tariff), and using it at a time when the price increases significantly. Another important feature is the possi-INVITED PAPER A. Domino, K. Zymmer, and M. Parchomiuk operating without grid-transformer. In the presented topology, a two-level active rectifier from the grid side and two-level DC-DC controller from the energy storage side is applied. It is the cheapest solution, but it has drawbacks such as the deformation of the voltage and grid current waveforms. However, they can be largely compensated by using a suitable LC filter from the grid side. Fig. 2 , is a modification of the variant described above. It assumes bi-directional energy flow with rated power higher than the system of Fig. 1 . This is achieved thanks to the use of medium voltage grid-transformer with a significantly higher short-circuit power than for a 3£400 V grid. The energy conversion system can work with several storages with different power capacity, but with a similar level of operating voltage. The discussed topology may include some type of energy storage SMES working in parallel and connected to bi-directional pulse current regulators. This structure may also include a SES supercapacitor or battery storage connected to the DC-link via the pulse voltage regulator. Both types of pulse controllers used here provide the required direction and the amount of energy transferred between the storage battery and capacitor CF in the DC-link. Active rectifier connected between grid-transformer and capacitor CF provides energy flow between grid or energy storage. The system with Depending on the relationship between the grid voltage and the nominal voltage of the energy storage, the converter system may operate as transformer-less or be equipped with a grid-transformer. Control parameters of the transmitted energy for both charging and discharging of the energy storage is implemented in a bi-directional DC-DC pulse current controller between the switched capacitor CF in DC-link and SMES energy storage inductor. In this solution, it is desirable to use the unipolar control, because the current in the circuit between the capacitor and the energy storage is much lower than in the case of classic bipolar control [13, 15] . This has an impact on the selection of capacitors in the DC-link, as well as the price of those elements. Active rectifier in the form of a vector-controlled three-phase two-level transistor bridge provides high system efficiency, optimum currents at active power flow between the grid and the rectifier, as well as operation with unity power factor [12, 16] . The LC filter at the input of the rectifier reduces the emission of harmonics in voltage and current transferred from the energy storage to the grid. In the case of SMES storage, the topology allows for connecting several inductors in the storage circuit. Those inductors should have similar inductance values and current ratings. The discussed topology is simple and contains a minimum number of components and measuring transducers. It is addressed to small and medium power systems supplied with 3£400 V grids 
Topology 2. The topology shown in
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a two-level converter has the same advantages and disadvantages as those outlined in the discussion of Topology 1.
Topology 3.
This topology is aimed for low and medium power systems supplied directly from a power grid with a voltage of 3£400 V. It includes the dual active bridge (DAB) with a high frequency transformer guaranteeing low weight and dimensions [18, 19] . This solution provides the accurate transmission system voltage, which is assessed by the grid according to the requirements of the energy storage -for example, low operating voltage, which can be the case with currently used small energy capacity SMES storage. In addition, the DAB transformer provides galvanic isolation between the energy storage and the grid. This topology, when compared with Topology 1, has a higher number of power electronics components, but ensures the use of low operation voltage storage. The system is based on a two-level converter.
Topology 4.
This solution constitutes a development of Topologies 2 and 3 discussed above. The topology allows for Co   T2   T1  TA1   TA5   TB1   TB5   TC1   TC3   TC2   TC4   DC1   SMES   Lc   T1   T2   TA2   TA6   TB2   TB6   CF1 CF2 SES Lo Y Y A. Domino, K. Zymmer, and M. Parchomiuk paralleling multiple energy storage with different performance ratings, such as the energy capacity, power and operating voltage. It is addressed to systems of medium and high power cooperating with one grid voltage and using the simultaneous operation of all kinds of energy storage. DAB systems operating in parallel with the high-frequency transformers allow for adjustment of various operating voltages of energy storage to the required voltage in the DC-link, which is necessary for the energy transfer between the storage system and grid. When working with medium voltage grid (the energy storage systems are generally adapted to the voltage of several hundred volts), it is required to install power grid-transformer adapting power supply voltage to the requirements of energy storage.
Topology 5.
In combination with the electricity grid of 6 kV voltage, it is possible to use the direct supplied active multilevel rectifier and two-level DC-DC converters supplying the primary windings of high frequency DAB transformers. This solution is feasible but can be assessed as less favorable for reasons of safety and a higher complexity for both the main circuit and control circuit. Another drawback associated with the operation of power converters for high voltage is the reduction of switching frequency. This is due to the dynamic properties of the power electronic semiconductor devices and the generated switching power loss with increasing frequency and voltage. Reducing the switching frequency of energy conversion is a barrier to the miniaturization of transformers adapting the voltage level to energy storage requirements. It should be noted that multilevel converters are capable of reducing the impact of higher harmonics on current and voltage waveforms in the system. Moreover, using a higher voltage in the DC circuit than that required by the electric energy storage may be advantageous in high power systems due to the current limiting at predetermined power. In the arrangement shown in Fig. 5 , the adopted structure of the three-level inverter as an active rectifier (with the possibility of increasing the number of levels), and two-level DAB systems cooperating with pulse regulators of DC-DC converters connected directly to the energy storage SMES1 and SMES2 are presented.
A limitation in the flexibility of the system stems from the fact that different systems work with DAB capacitor batteries CF1-CFN of equal capacity, which requires the symmetry of voltages at different levels of the DC active rectifier connected to the grid. Maintaining the same voltages on these capacitors requires both the charge and discharge of the same energy. Thus, the system is dedicated to work with a certain number of stores of the same type and with similar energy capacities.
2.6. Topology 6. The system of power transfer shown in Fig. 6 can be used with power grid 3£400 V without grid side transformer or with grid-transformer when connected to the medium voltage grid, for example, 6 kV. The active three-level rectifier (applied at low side voltage) reduces harmonic current and voltage for bidirectional energy flow. This results in the reduction of grid side filter capacitance and inductance. The condition for the correct operation of the system, similarly as in Topology 5, is to use the same type of energy storage capacitors cooperating with the DC-link. They should be of the same energy storage capacity, and the same power when they are loading and unloading. This structure using a converter with a larger number of levels (e.g. five-level) could co-operate directly with the network of 6 kV, using the appropriate number of identical energy storage units.
Topology 7.
The structure shown in Fig. 7 co-operates with a single energy storage unit of large capacity. This solution can be used for direct cooperation with the supply grid 3£400 V or with a grid of different voltage (using the grid side transformer). This system employs a three-level active rectifier from the grid and three-level regulator attached to the energy storage. Similarly as in Topology 6, it reduces the value of harmonic current and voltage for both directions of energy flow. The introduction of a three-level DC-DC pulse current controller cooperating T11  TA1  TB1  TC1   TC3   T1   T2   TA2  TB2  DC2   DC4   TA6  TB6   TA8  TB8   CF2   CF1  CF1A   CF1A   T12  D1   D0   T13   T14   SMES1   SMES2 AC-DC DAB DC-DC
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with the energy storage helps to achieve voltage symmetry in DC-link capacitors CF1 and CF2. In this system (Fig. 7) , the use of a single energy storage unit results in doubling the current in the storage circuit configuration discussed in Topology 6 at the same voltage of DC-link capacitors. This topology, without a grid-transformer, is dedicated for energy storage with a limited current capacity available in the low voltage grid. With the power supply from the medium-voltage grid by matching transformer it is possible to convert electricity with more limited power, but with permissible current conduction of semiconductor devices.
Simulation results
In order to design the power converter systems for energy storage and to illustrate operation of the selected topologies, simulation models were developed using PSIM 10.0 package DC-DC converter in the form of the pulse current regulator, according to the topology presented in Fig. 1 . As stated, this topology is simple and includes a limited number of components in the main circuit and the measurement, which means that its price is favorable. It is also characterized by high reliability. Figures 8 and 9 present charging and discharging processes with I(Lm) = 400 A of output current, where electric energy is flowing to the SMES and back to the grid respectively at 215 kW of rated power. To show the current change I(Lm) during charging and discharging SMES, the inductance Lm = 0.4 H was taken for simulation; for large values of inductance the current changes I(Lm) would be barely visible. The DC-link voltage is Udc = 650 V.
The modulation frequency of sinusoidal PWM of AC-DC converter is f pr = 5 kHz and operating frequency of the DC-DC converter is f cz = 4 kHz. When the energy flows from the grid, the grid current and voltage are in phase, which means the energy storage system takes pure active power. During the discharging process, when energy is transferred back to the power grid, the phase current and voltage are in opposition. In this situation only active energy is transferred to the grid.
Figures 10 shows the processes during operation of the bi-directional DC-DC converter (see Fig. 1 ) during charging and discharging energy in SMES. It presents the instantaneous current shape of inductor IoC and the ULm voltage in the SMES inductor, against the background of the effective current IoCrms = 364 A and the current I(Lm) flowing into the SMES.
Figures 11 and 12 illustrate processes occurring during charging and discharging process in SMES in the topology containing the DAB circuit shown in Fig. 3 . The voltage in the DC-link of the active rectifier is Udc = 650 V. The of the rectifier and the voltage UCF1 of the chopper power supply capacitor. Figures 13-16 show operation of an interface of power converter system. The topology consists of a three-level grid-connected active rectifier AC-DC and two bi-directional DC-DC converters, according to the topology presented in Fig. 6 . Sinusoidal PWM modulation was used to control the three-level active bridge. Figures 13 and 14 present charging and discharging processes with the output current I(Lm) = 400 A. Rated output power is 220 kW. Figure 13 shows similar operation to that shown in Fig. 8 , where a charging process is analyzed, but for the AC-DC grid converter a three-level NPC topology is used. Application of the multilevel topology allows to decrease voltage and current harmonics as well as signal distortion, which is also reflected in power quality parameters of the entire ESS. Fig. 14 shows similar operation to that in Fig. 9 , where a discharging process is presented. Figure 15 shows the charging current shape of the first energy storage ILoC1 with respect to the rectifier voltage and current (UCo, Is) the DC-link voltage (Udc), and the first section of DC-link voltage (UCF1). Figure 16 shows the shape of the current drawn from the second energy store ILoC2 in the process of power recovery: the grid voltage and current (UCo, Is) of the rectifier and DClink voltage (Udc) and voltage of the second section of DC circuit (UCF2). Figures 17 and 18 show the operation of the interface of the power converter system during charging and discharging. The topology consists of an three-level grid-connected active AC-DC rectifier (see Fig. 7 ). The voltage in the DC-link is Udc = 650 V. The SMES current is ILm = 1000 A. The effective value of charging and discharging current of energy storage ILoC1 = ILoC2 is 580 A and average value -350 A. The active power determined by the current and phase voltage (Is, UCo) is P = 240 kW. The frequency of sinusoidal PWM in active rectifier is f pr = 5 kHz and the operating frequency of DC-DC converter is f cz = 5 kHz. Figure 17 shows currents of two DC-DC inverter sections (ILoC1 and ILoC2) when charging the energy storage with respect to the voltage and current of the rectifier and DC-link Figure 18 shows the same voltages and currents as in Fig. 17 , but in the process of transferring energy from the SMES storage to the grid.
Summary and conclusions
The paper discusses some solutions of power electronics converters for coupling energy storages with grid power. Those systems are designed mainly for industrial plants, in which the energy is transmitted by internal networks with voltage level 3£6 kV and 3£400 V. In these conditions, energy storage must ensure the continuation of ongoing processes in the case of a sudden power failure and to reduce peak power resulting from the start-up of equipment and overloads. Additionally, these devices, due to the high-capacity energy storage, can collect energy during periods of her small consumption (tariffs) and giving back during the energy summit. The basic properties of the presented solutions are summarized as follows ( Table 2) .
The discussed grid interfaces relate to systems of low power supplied from the low voltage grid, and also supplied from the industrial plant 3£6 kV directly or by grid-transformers. We provide solutions to the two-level and three-level converters both AC-DC installable from the grid power supply and DC-DC converter connected directly to the storage.
The paper also presents solutions to the problem of cooperation with a single energy storage unit and with several storage units of the same electrical performance, and also with several units with different properties as supercapacitors (SES), low-temperature inductors (SMES) and batteries (accumulator). To meet the requirements of the cooperation of several types of storages with different electrical properties, it is suggested to use coupling via DAB circuit with high-frequency transformers. 
